Abstract The uncertainty in hypocenters and origin times depends on measurement error (the wrong onset is picked) and error in the travel-time tables (and thus earth model) used. The errors in the tables comprise a baseline shift (the average difference over all stations is not zero) and the residuals about the baseline. The residuals are usually referred to as model error. Baseline error only affects origin time and so is usually ignored. It is model error that can result in epicenter error. A priori variances of the model and measurement error are usually used to estimate the uncertainty on epicenters. Few estimates of these variances have been published. Here the two variances are estimated, relative to International Association for Seismology and the Physics of the Earth's Interior (IASPEI) 91, for the P times from explosions at the Nevada Test Site at stations at regional distances. The analysis shows that at a large signal-to-noise ratio (SNR) the variance of the measurement error is 0.01 sec 2 . The measurement error increases as SNR decreases. Further, the travel times appear to increase as SNR decreases. Model error has a formal variance of up to 1.9 sec 2 , but this variance is irrelevant to assessing the uncertainty in epicenter estimates. It is systematic bias (if any) caused by model error that contributes to epicenter uncertainty. Without knowing the bias it is only possible to estimate the precision of an epicenter and this depends on the measurement error. The analysis gives estimates of model error for each source-to-station path, and these path effects can be used to correct the travel times to give a revised model. With correction for path effects the estimated uncertainty in the epicenters becomes a measure of the accuracy of a location. The results presented here show that when estimating these effects, care must be taken to ensure that variations in SNR do not bias the estimates.
Introduction
It is common to follow Evernden (1969) and use an a priori variance for the error in observed travel times to estimate uncertainties in hypocenters and origin times. The prior variance is assumed to have two components: one component is to allow for model error (differences between the true travel times and those predicted from a travel-time table or earth model that may result in epicenter error), and the other component is to allow for measurement error (the wrong onset is picked). In general, differences between true and predicted times constitute a baseline shift (the average difference over all stations is not zero) and the residuals about the baseline. The residuals show whether the times are early or late relative to the baseline for each source-station path. It is usually assumed that unknown model error can be treated like measurement error, as a random variable with a normal distribution and an a priori variance. The overall a priori variance used to estimate epicenter uncertainty is the sum of the two components.
Few estimates have been published of the variances of the two components of error. Here we make estimates of the variance of the model error relative to the International Association for Seismology and the Physics of the Earth's Interior (IASPEI) 91 Tables (I91; Kennett and Engdahl, 1991) and of measurement error, using onset times for P waves from explosions at the Nevada Test Site (NTS) reported from stations of the Long Range Seismic Measurements (LRSM) program. The hypocenters and origin times of the NTS explosions are known Kinnaman, 1971, 1975; Springer et al., 2002) and the P onsets at stations of the LRSM network (Romney, 1984) are given for some of the explosions in a series of reports (one per explosion, referred to here as shot reports) prepared for the U.S. Air Force Technical Applications Center. LRSM (1967) is a typical shot report: that for the explosion, Greeley (see Table 1 ). The differences between observed travel times and those predicted from tables are partitioned into various components by using analysis of variance. Freedman (1966) (who seems to be the first to propose the use of the analysis of variance for travel-time studies) applies an approximate version of the method to the analysis of the times from NTS explosions to stations in California. With estimates of model error relative to some starting model, a formal variance can be determined as we do here for stations at regional distances from the NTS. The reliability of uncertainty estimates on epicenters obtained using such formal variances is discussed in Measurement Error, Model Error, and Epicenter Uncertainty, and the problem with trying to account for unknown model error simply by an a priori variance is illustrated in Results.
Method
The difference between the observed travel time (O) from explosion i to station j, and the time (C) calculated for the true epicenter and origin time (for zero depth) from I91 gives the O-C residual T ij ‫ם‬ e ij , where T ij is the difference between the true and predicted times and e ij is the measurement error. It is then assumed that T ij can be written as:
where E i is that part of T ij that is common to stations recording explosion i, and S j is the part common to explosions recorded at station j. E i is referred to here as the explosion effect and S j is the path effect. Both effects as defined here have zero mean. T is then an average baseline shift common to all T ij . If all the explosions are recorded by all stations, least-squares estimates of E i , S j , and T are simply obtained, thus: T the estimate of T , is the average over all the O-C residuals; the estimate of S j is the average over station j minus T ; and the estimate of E i is the average over explosion i minus T . However, not all stations used report P times from all the explosions, so least-squares estimates of E i , S j , and T have to be found by forming and solving the normal equations, with the condition that
to ensure that the average explosion effect and average path effect are zero. (The method is the same as that used by Carpenter et al. [1967] to analyze magnitudes for explosions at a test site.) In addition to estimates of E i , S j , and T , estimates of the variance of the measurement error and of the mean square due to the explosion and path effects can be obtained. These can be used to test for the statistical significance of E i and S j . If the explosions are fired at the same height, h, above sea level in the same structure, T ij will include the constant baseline shift between the IASPEI times for zero depth and a source at height h. This shift is taken up in T . Any variation in h with explosion and any differences from some average in the variation in P-wave speed with depth below each explosion will give rise to variations in travel times that are taken up in the E i . Because the maximum range of h in the two areas of the NTS studied here is about 1 km, then assuming a P-wave speed of 5 km sec ‫1מ‬ below the explosions, the range of E i due to variations in h should be about 0.2 sec, and the contribution to these effects from variations in structure is expected to be even smaller. So the explosion effects are expected to be small.
The most important contribution to T ij is expected to be the path effect, S j . It is this component of T ij that increases the uncertainty in epicenter estimates. Formally, 2 ͚S / j is an estimate of the variance of the path effect; m (m ‫מ‬ 1) is the number of stations used. We now consider how such measurement error and path effects contribute to the errors in epicenter estimates.
Measurement Error, Model Error, and Epicenter Uncertainty
In the absence of model error the size of any area of uncertainty around an estimated epicenter depends on the geometry of the observing network and the variance of the measurement error. The conventional method of estimating these errors is from the O-C residuals calculated from the estimated hypocenter and origin time. This gives the sample variance. For large numbers of residuals, the sample vari-ance should approximate the population variance of the measurement error, which is what is required. When the number of times is small (say Ͻ10) the uncertainty in the sample variance as an estimate of the population variance is large, and this is reflected in the uncertainties in the epicenter estimates when these are determined by the standard method of Flinn (1965) . This uncertainty is usually expressed by the confidence ellipse on the epicenter, which is assumed to be the ellipse that will cover the true epicenter with some given probability. In practice, of course, the O-C residuals will contain a component of model error. This can lead to the area of the confidence region being overestimated, as discussed subsequently. Evernden (1969) argues that using sample variance as an estimate of population variance leads to overestimates of the uncertainty, because upper bounds can be placed on the variance of the error from previous experience, and that this prior knowledge should be used in specifying the variance of the population of the errors. Ellipses of uncertainty calculated using a priori variances are referred to as coverage ellipses. The a priori variance used by Evernden (1969) does include components for measurement and model error (called travel-time error by Evernden [1969] ), but this model error is carefully specified. It is assumed that "the errors in travel times are random and not regional or distance correlated." Evernden (1969) also states that regional curves are required to remove any dependence of travel times on distance before reliable coverage ellipses can be estimated. Jordan and Sverdrup (1981) also argue for the use of a priori variances that should include, in general, a component for both measurement and model error. However, Jordan and Sverdrup (1981) use a travel-time model that has been upgraded by using the station corrections (called station anomalies) of Poupinet (1979) . Jordan and Sverdrup (1981) recognize that there will be a residual model error because there are errors in the station anomalies, but these are considered to be negligible.
Consider now a series of explosions all fired at the same site. If the P travel-time curve is a function of epicentral distance only and is known exactly, the errors in the epicenter estimates depend only on the measurement error. If such errors are normally distributed (and uncorrelated between stations) the estimated epicenters will lie within a coverage ellipse centered on the true epicenters with the specified probability. As the number of stations increases the estimated epicenters will converge to the true locations and the area of the coverage ellipse will tend to zero.
If the travel-time curve is not known exactly (but is still only a function of epicentral distance) then for a fixed network of stations, where the stations are not well distributed in azimuth and distance, there will usually be a constant bias due to errors in C. The epicenters of the explosions will lie, with the specified probability, in a coverage ellipse calculated with the variance of the measurement error but offset by the bias. The distribution of the epicenters about any biased position again depends only on the measurement error.
For a fixed network, errors in the travel-time tables contribute nothing to the scatter about the biased position. As the number of stations increases and becomes more uniformly distributed in azimuth and distance, the area of the coverage ellipse will tend to zero and the epicenters will converge to the true locations, because the epicenter estimates will tend to be orthogonal to the origin-time estimates, that is, the epicenter estimates do not depend on the absolute times. (In the absence of measurement error the times at a circle of stations around the true epicenter is constant, so the epicenter is at the center of the circle whatever the absolute travel time and, hence, origin time.)
In the general case in which model error is a function of distance and azimuth, the distribution of the estimated epicenters about the true epicenter will again take the form of a coverage ellipse with dimensions defined by the measurement error, offset from the true epicenter by some (unknown) bias, but now, as the number of stations increases, there is no guarantee that the estimated epicenters will converge to the true location. Model error is usually spatially correlated; at teleseismic distances, for example, at stations on continental shields, onsets are usually early compared with those at stations in orogenic belts and on oceanic islands. If the P arrivals are early in one direction the epicenter will be biased in the fast direction. For a network of stations that are well distributed in azimuth the bias will be roughly the same whatever the number of stations, so as the number of stations increases the epicenter will converge with increasing certainty to the wrong position. Perhaps the best example of a biased epicenter is that of the Longshot explosion (Herrin and Taggart, 1968; Underwood and Lilwall, 1969) , where with more than 200 reporting stations the location given in the Bulletin of the International Seismological Centre is 20 km north of the true epicenter and the uncertainty is only ‫2ע‬ km (one standard deviation).
Conversely, if by chance the bias due to model error is negligible, then even if the path effects are normally distributed, the estimated uncertainty on each individual epicenter will be too large if model error is allowed for by including a term for the variance of this error in the estimation of the coverage ellipse. The scatter in the estimated epicenters about the true epicenters will depend only on the measurement error. In such an idealized situation in which no systematic bias exists and the network is constant, model error contributes nothing to the uncertainty in the epicenter.
Of course, in practice, explosions are never fired at exactly the same site, but model error is assumed to vary smoothly with position and, for sources sufficiently close together, model error is assumed to be constant for the path from each source to any given station. These are the assumptions underlying all methods of estimating model error (e.g., the method used here, group methods of epicenter estimation, and kriging; Myers and Schultz, 2000) , that is, the model error is correlated between sources and so can be estimated. It is because of this correlation that model error cannot be treated in the same way as measurement error, that is, as a random variable with a normal distribution and a priori variance, and which for any given station is uncorrelated between sources. If model error is a random variable this would imply that the average model error is the same for all stations (the mean of the normal distribution) and there is no systematic bias. For such an unrealistic distribution of model error the estimated epicenters of a group of sources all at different locations would lie in a coverage ellipse calculated with a variance that is the sum of those of the model and measurement error, and the two types of error would be indistinguishable. Model error could then only be estimated for a given location by having a series of sources known to have that location and averaging the residuals for each source-station path.
With the assumption that model error is constant for a group of sources, the error can be estimated, but unless model error is also spatially correlated, which results in systematic bias, then as argued previously it can be ignored. Perhaps by including a variance for the model error the hope is that the uncertainty will be increased sufficiently to allow for any bias and so ensure that the error ellipse covers the true epicenter, but there is no way of assigning a reliable probability level to such a coverage ellipse. Treating model error in the same way as measurement error is clearly not sensible as others have pointed out (see, for example, Pavlis, 1986; Billings et al., 1994) .
Measurement error is usually assumed to be normally distributed and spatially uncorrelated and at large signal-tonoise ratios (SNRs), this is probably true. As SNR decreases, however, onsets are expected to be read increasingly late. If this systematic error is constant for all stations it will have no effect on epicenter estimates, whereas if the measurement errors are spatially correlated, for example, oceanic island stations may have low SNR and be read late relative to those in the center of continents, this may result in biased estimates.
Results
Several test areas exist within the NTS. The results presented here are for times from explosions at the two main test areas, Pahute Mesa and Yucca Flat; these are the areas for which shot reports are available for the largest number of NTS explosions. Not all the stations were in operation at any one time. The number of P times reported for each explosion ranges from 4 to 25; the only times used are those for stations that recorded at least two of the explosions from at least one of the sites.
The total number of P times used in the analyses are: Yucca Flat, 208 times from 14 explosions at 42 stations; and Pahute Mesa, 121 times from 10 explosions at 24 stations. (A further six P times for Yucca Flat explosions could have been used but they were left out because the measurement errors have absolute values over 2.5 sec.) Table 1 lists the explosions and the explosion effects estimated by using the times for the distance range 0-20Њ ( ). The statistics of E i the analyses are given in Table 2 .
With the ratio of the mean square of each effect to that of the measurement error, statistical tests can be applied to determine the significance of the ratio; that is, the probability of the ratio obtained occurring by chance when the true effects are zero and the apparent effects arise purely from the measurement error.
For the analysis of the Yucca Flat times in the 0-20Њ range ) the ratios for the explosion and path effects are 5.6 and 35.2 respectively, which would occur by chance less than 1 in 10,000 times if there were no effects; that is, the results are significant at less than the 0.01% level. The most unexpected result of the analyses is the size of the explosion effects (Table 1) . These are expected to have a range of only about 0.2 sec (see Method) but the estimated range is approximately 1.0 sec for each test area. Normally the most likely explanation of the large explosion effect would be clock error, but both firing time and station time were checked against the same time base (WWV radio stations) which rules out such errors. The effects, however, are correlated with the body-wave magnitude (Fig. 1) given in the shot reports. The lower the magnitude the later the apparent arrival time. This suggests that part of the explosion effect is caused by onsets being read late relative to the true onset time, at low SNRs. (Freedman, 1966 , reaches a similar conclusion.) This is tested by dividing up the observations into sets that are likely to have above-average SNRs and those with below-average values. Thus, the SNR will be greater at stations in the 0-5Њ distance range than in the 5-20Њ range; and the Pahute Mesa observations in the 5-20Њ range should be greater for the explosions with m b Ͼ5.5 than those of lower magnitude. The explosion effects for the 0-5Њ analysis are given in Table 1 ( ). The range of effects 0-5 E i is now reduced, being about 0.5 sec at each site. Further, the SD of the measurement error in the second analysis (0-5Њ) is less than 0.2 sec compared with about 0.5 sec for the full analysis (Table 2) , which is just what would be expected if the average SNR in the 0-5Њ range is much greater than over the whole range. The results thus confirm that both the measurement error (Table 2 ) and the explosion effects ( ; 0-5 Table 1 ) are significantly smaller for observations in the 0-5Њ range than those for the whole range (Fig. 1) . Nevertheless, the explosion effects remain significant at less than the 2.0% level for Yucca Flat times and 0.01% for the Pahute Mesa times. (Analysis of the observations recorded in the range 5-20Њ give, as expected, a measurement error larger than that for the whole range, the variance being 0.33 sec 2 , SD 0.57 sec, for the Yucca Flat explosions and 0.44 sec 2 , SD 0.66 sec, for the Pahute Mesa explosions.)
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The results from the analysis of the high-and lowmagnitude Pahute Mesa explosions ( and , 5-20 5-20 PM PM H L respectively; PM L ysis than for the analysis, but given the large variance [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] PM H of the measurement error for the low-magnitude analysis the explosion effects are not significant at the 10% level. The explosion effects for three of the large-magnitude explosions are negligible, but for Greeley and Knickerbocker the effects are ‫52.0מ‬ sec and 0.21 sec, respectively, and, given the low variance of the measurement error in this analysis, the explosion effects overall are significant at the 2.5% level. It seems unlikely that the significance of the explosion effects is still a SNR effect.
Comparison of the path effects for the and [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] PM H analyses ( and , respectively) 
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Turning now to the frequency distribution of the measurement error and path effects. Figure 3 shows the cumulative distributions of the measurement error for the YF and PM 0-20 analyses ( Fig. 3a and 3b ) and of the path effects ( Fig. 3c and 3d ). Although there is no formal test for normality that can be applied to these distributions, it is clear that the measurement error at least approximates a normal distribution, whereas the distributions of the path effects do not. The distributions of the path effects for the two sets of explosions have peaks that are offset from zero and that for the Pahute Mesa explosions are multimodal, confirming that treating such effects as a normal variate is unsatisfactory.
Some of the ways model error can affect errors and uncertainties in estimated epicenters are illustrated here with the five large (m b Ͼ5.5) Pahute Mesa explosions (Fig. 4) . It turns out that, without correction for path effects, the epicentral errors for these explosions are all less than 7 km (Fig.  4a) ; that is, any systematic bias for this site and station network is small. That the bias should be small is evident from the variation of path effects with azimuth where, although some stations have path effects with absolute values greater than 1 sec, the net travel-time bias is small when averaged over azimuth ranges of a few tens of degrees (for path effects, see legend to Fig. 4) . The coverage ellipses calculated by using the combined variances of model error (path effects, 1.0 sec 2 ) and measurement error (0.05 sec 2 ) are clearly overestimates, as expected from the discussions in Measurement Error, Model Error, and Epicenter uncertainty. Further, because the path effects are so distributed with azimuth and distance that they cannot fully be taken up in shift of epicenter and origin time, the O-C residuals relative to the estimated epicenter and origin time are principally made up of path effects; their variances range from 1.3 sec 2 to 4.7 sec 2 . (The variances are so large because the numbers of degrees of freedom are small. After correction for path effects the variances range from 0.01 sec 2 to 0.06 sec 2 .) Thus, confidence ellipses estimated with these variances are, like the coverage ellipses, overestimates of uncertainty.
Correction for path effects does little to reduce the (already small) epicentral error (Fig. 4b ) but now the coverage ellipses derived by using only the variance of the measurement error (0.05 sec 2 ) give sensible measures of the uncertainty in the epicenter estimates. These coverage ellipses give almost as good an estimate of the uncertainties in the epicenters estimated without path corrections as those with correction, as shown by the ellipse obtained for Greeley with corrections, and which is included in Figure 4a .
Of course the path effects used here are only estimates, so presumably they differ from the true values but, as argued previously, it is not the size of these differences but what bias if any they produce. To test whether such a bias is significant would require the construction of a joint marginal confidence volume on the estimated path effects and the calculation of the bias for vectors of path effects that lie within this volume. However, because the variances on the individual estimates of path effects obtained here are small (0.01-0.02 sec 2 ) compared with the variance of the measurement error (0.05 sec 2 ) it is unlikely that the error in the estimated path effects results in any significant residual bias.
Discussion
The results show that for NTS explosions the SD of the measurement error in the onset times of P at large SNR is 0.1-0.2 sec. This is consistent with the conclusions of Douglas et al. (1997) for Eastern Kazakhstan explosions. To draw conclusions about the variation in measurement error with SNR is not possible because the ratios are not included in the shot reports, but the reports provide some of the best observational evidence we have seen so far that measurement error is a function of SNR.
Although here we have made formal estimates of the variance of the path effects, that is, of model error relative to I91, the results confirm that such effects are not normally distributed. It is also shown that the variance of the model error is irrelevant in calculating coverage ellipses; it is only epicenter bias resulting from such error that contributes to the uncertainty in epicenter estimates. If there is no systematic bias then coverage ellipses calculated by using the variance of the measurement error will cover the true epicenter with the required probability. Including an effect for the variance of the (unknown) model error will result in the area of the ellipse being overestimated.
The whole process of allowing for unknown model error by treating it as a random variable is clearly unsatisfactory. Trying to allow for systematic (nonrandom) effects in the calculation of coverage ellipses in this way is bound to fail. Given reliable estimates of measurement error then a coverage ellipse calculated with this error estimate specifies the precision of the estimates, that is, how repeatable the estimates are expected to be for the given network, source region, and measurement error. If the variance of the O-C residuals about an estimated epicenter is used as an estimate of the measurement error this will almost certainly be an overestimate of the error variance unless the times have been corrected for path effects. Without correction for path effects the O-C residuals will not depend entirely on measurement error but will be contaminated by model error. So, in the absence of such corrections, not only is it necessary to use a priori estimates of measurement error when small numbers of stations are used as Evernden (1969) argues, but such estimates should be used whatever the number of stations, because the presence of unknown model error inflates the variance estimated from the residuals. Ellipses estimated in this way then have to be accepted for what they are, that is, estimates of precision; they show how reliable the epicenter estimates can be for the given source region, station network, and measurement error once the systematic biases have been corrected for.
Currently, the International Data Centre (IDC) uses a priori variances of the model and measurement error to estimate the uncertainty in hypocenters and origin times published in the Reviewed Event Bulletin (REB). (The REB is for use by States Parties to the Comprehensive Test Ban Treaty to check for possible violations of the Treaty). The results presented here suggest that it would be better for the IDC to use only measurement error is estimating coverage , the estimated variance of the measurement error (analysis , Table 2 ). Arrows show [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] PM H azimuths to stations used. The stations and their distances and path effects are: 1, PG-BC, 17.2Њ, ‫71.0מ‬ sec; 2, BMO, 7.6Њ, 0.99 sec; 3, MO-ID, 5.8Њ, ‫81.0מ‬ sec; 4, LAO, 12.0Њ, ‫73.1מ‬ sec; 5, UBO, 6.1Њ, 1.70 sec; 6, FK-CO, 9.6Њ, 0.47 sec; 7, KC-MO, 17.2Њ, ‫54.1מ‬ sec; 8, WMO, 14.6Њ, ‫30.0מ‬ sec. Boxcar (b), stations used: 1, 4, 5, 8; Greeley (g), stations used: 1, 3, 4, 5, 6, 7, 8; Halfbeak (h), stations used: 1, 2, 4, 5, 7, 8, Knickerbocker (k), stations used: 1, 2, 3, 4, 5, 6, 8; Scotch (s), stations used: 1, 2, 4, 5, 6, 8. ellipses and to state that these are measures of precision. Then as revised models become available the coverage ellipses will tend to measures of accuracy. There is currently an international program to produce such revised earth models; that is, to determine what are termed "source-specific station corrections" (SSSCs), the equivalent of the path effects estimated here.
That there are systematic biases in travel times that are not allowed for by taking model error to be normally distributed and uncorrelated seems to be demonstrated when REB epicenters are compared with those estimated by National Data Centres (NDCs) using local networks. For example, epicenters for earthquakes off Vancouver Island, Canada, are located on an oceanic ridge by the NDC but northwest of the ridge by the IDC (such errors are predicted by Lilwall and Underwood, 1970) and the 90% coverage ellipse rarely covers the NDC epicenter (Bondár, 1998) . Because the error in the NDC epicenters is likely to be small, this indicates that the REB epicenters are biased by model error.
In this study the unbiased path effects (model error relative to I91) can be estimated because the epicenters of the explosions are known. For areas where there are no explosions with known epicenters, path effects have to be estimated from earthquakes with epicenters that are thought to be reliable; for example, earthquakes within local and regional networks. Myers and Schultz (2000) show examples of SSSCs estimated from P times from earthquakes.
Several studies (Utsu, 1973; Boore et al., 1975) attempt to use the P onsets for NTS explosions to search for temporal changes in P-wave speed. However, Boore et al. (1975) and Cramer and Boore (1978) point out that before such times can be used corrections must be made for differences in nearsource structure. Our study shows that, in addition, the travel time measured depends systematically on magnitude presumably because of variations in SNR. Consequently, what appear to be changes in absolute travel times for NTS explosions over time (and hence P-wave speed) may simply be due to differences in SNR. The explosion effects for the 0-20Њ analysis ( , Table 1 Inspection of the magnitudes, however, shows that this apparent temporal variation arises simply because the explosions in the first period have on average lower magnitudes than those in the second period and hence have been read late because of their lower SNR. Travel times from NTS explosions have also been used to look for differences in the upper mantle structure between the Yucca Flat and Pahute Mesa test areas. Thus, Spence (1974) uses times from NTS explosions to study upper man-tle structure beneath the Site and finds evidence that P arrivals from Pahute Mesa explosions are early compared with those from Yucca Flat explosions; Spence (1974) concludes that this is due to variations in upper mantle structure between the two sites. Our study suggests that before reaching such a conclusion any effect of SNR on the measured onsets needs to be eliminated.
Conclusions
The main conclusions from this study of the travel times of P from explosions at the NTS with known hypocenters and origin times are as follows.
1. For large SNR the variance of measurement error is 0.01 sec 2 . 2. Path effects (model error relative to I91), which have formal variances of up to 1.9 sec 2 , are not normally distributed. 3. The only variance that should be used in determining coverage ellipses is an a priori estimate of the measurement error. Such ellipses estimated from uncorrected times measure the precision of the location estimates, that is, how well an epicenter could be determined for a given source region, station network, and measurement error in the absence of bias from model error. 4. With correction for path effects the coverage ellipse becomes a measure of the accuracy of an epicenter estimate, provided any systematic bias caused by errors in the estimated path effects is small, as it seems to be in this study. Of course such systematic bias will not always be as small as that derived here, where the true hypocenters and origin times are known. Times from less well specified sources will usually have to be used, resulting in some residual bias in epicenter estimates. 5. The results show evidence that the measurement error increases as SNR decreases. Not only does the variance of the error increase, but there are systematic delays in the measured onset times at low SNRs; the travel times appear to increase as SNR decreases. 6. The objective of the current international program to improve epicenter estimates is to obtain reliable path effects, that is, reliable SSSCs. Our study shows that in attempting to determine path effects, care must be taken to ensure that variations in SNR do not bias the estimated effects.
Analyses of the kind used here to separate the various components of the O-C residuals would be much improved given more complete sets of observations, with more stations and more explosions, and most stations recording most explosions, together with the SNRs. The observations could then be partitioned into sets by SNR and the variation of measurement error with SNR investigated in detail. Nevertheless, even sparse sets of observations can give useful results, as shown by this study. Although the observations used were made more than 30 years ago, at high SNR, measurement error is as low as that achieved by modern digital recording and analysis methods. It is a testament to the care with which the analysts made the observations.
